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ABSTRACT

JASFLOW is a finite-volume computer code that solves the time-dependent, compressible
Navier-Stokes cquations for multiple gas species. The fluid-dynamics algorithm is coupled to the
chemical kinetics of combusting liquids or gases to simulate diffusion or propagating flames in
complex geometries of nuclear containment or confinement and facilities’ buildings. Fluid
turbulence is calculated to enhance the transport and mixing of gases in rooms and volumes that
may be connected by a ventilation system. The ventilation system may consist of extensive
duciwork, filters, dampers or valves, and fans. Condensation and heat transfer to walls, floors,
ceilings, and internal structures are calculated to model the appropriate energy sinks. Solid and
liquid acrosol behavior is simulated to give the time and space inventory of radionuclides. The
solution procedure of the goveming equations is a madified Los Alamos ICE’d-ALE methodology.

Complex facilities can be represented by separate computational domains (multiblocks) that
communicate through overlapping boundary conditions. ‘The ventilation system is superimposed
throughout the multiblock mesh, Gas mixtures and acrosols are transported through the free three-
dimensional volumes and the restricted one-dimensional ventilation components as the accident and
fluid flow ficlds evolve. Comb istion may oceur if sufficient fuel and reactant or oxidizer are
present and have an ignition source.  Pressure and thermal loads on the building, structural
components, and safety-related equipment can be determined for specific accident scenarios.

GASFLOW calculations have been compared with large oil-pool fire tests in the 1986 HDR
containment test ‘T'S2.14, which is a 300 kW fire experiment. 'The computed results are in good
agreement with the observed data.

I. INTRODUCTION

The occurrence of a number of severe fire accidents in nuclear facilities has motivated
rescarch activities 1o model combustion phenomena in these systems.  The most publicized
accidents are the electrical wire insulation (cable tray) fire at the Brown's Ferry nuclear power
plant! and the hydrogen combustion event duting the Three Mile Island accident.2 Severe fires
involving small radiation continemens compartments (glove boxes) and high efticiency particulate
ait (HEPA) filters have occurred in the Rocky Flats facility. Y Significant, but less severe,
(lan:mable liguid tires have oceurred in diesel generator rooms and wrbines.?

It is important 1o analyze entire facilities 10 determine the transient pressure and heating,
loads due 1o combustion events on the containment or ventilation structures and safety related
cquipment. “These analyses are also needed to plan emergency evacuation, to validate existing fir-
protection proprams or supgested changes, and to iategrate fire satety with other safety analys.s
requiremients. The US Nuclear Regulatory Commission and the US Departiment of Energy e
supparting, research al Los Alamos to develop i state of the art, best estinaie, transient, thiee
dimensional computer code to evaluate threats to the nuclear reactor containments and faclity
buildings. We describe the Lox Alamos field model approach, the GASELOW code, in sections 1
and HEand discuss it's application toa tall scale tire experiment in section 1V,



II. MATHEMATICAL AND PHYSICAL MODELS

The time-dependent, three-dimensional, compressible Navier-Stokes equations are the
complete equations of motion for GASFLLOW. An internal energy transport equation relates the
internal cnergy density to the work and energy exchange functions. Multiple species transport
equations model the transport of individual species through the gas mixture. The sum of the
species transport equations is the total fluid density conscrvation equation. These equations, the
Navier-Stokes equations, the internal energy cquations, and the summed species transport
equations, express ihe conservation of momentum, energy, and mass, respectively. They relate
the dynamics of the fluid to temporal and spatial influences, such as, viscous stress, body foree,
wrbulence, structural resistance, heat transfer, condensation, and combustion. Gas wrbulence is
simulated by cither an algebraic, sub-grid scale, or k-¢ turbulense model with buoyancy production
terms.

The finite-volume GASEFLOW code can model complex three-dimensional geometries.
Structures or compartiments can be represented by separate computational domains that
communicate through overlapping boundary conditions. [low between compartments is possible
through one-dimensional ventilation system maodels. The ventilation system may be superimposed
throughout the multiblock mesh.  Ventilation system components include fans, dampers, and
filters. Natura ond forced convection may be madeled in both the one-dimensional ductwork an.d
the three-dimensional compartments.

Heat transfer and condensation on walls and surfaces, such as, iternal structures, are
calculated to model appropriate energy sinks. A madified Reynolds analogy for heat and mass
transport to walls and structures accounts for the influence the thermal boundary layer has on the
rates of heat transler and condensation,

Chemical kinetics maodels for combustion simulate diffusion and propagating flames in
complex peometries. A one step, global chemical kinetics madel is often used for diffusion fiames
involving hydrogen or hydrocarbon fuels. ‘This overly simplities the actual chemical process,
which has many moie elementary reaction steps and intermediate chemical species. The chemical
reaction time scale is, however, very short compared with fluid dynamic motions and meaningtul
calculations can be accomplished using this simplified chemical kineties mechanism. The reaction
rate in the finite rate chemical kinetics equations is muxdeled by a modified Arrhenius law tha
accounts for fuel lean or fuel rich mixtures,

Acrosol transport models compute the behavior of particulate matter in the gas flow ficlds.
These one wity coupled nudels simulate the polydisperse transport, deposition, and entrainment of
discrete phase particles. The GASEFLOW species uansport mo-el also functions as a continuum
particle phase transport model.

. Computational Maodel

Tue solution provedure ot the povermng, equations is i modificd Los Alamos 1CE'd AL

methodulopy Y tor solving multidimensional, time dependent fluid flow equations. An efficient
semi implicit alporthn is noplemented that exploits the vector processing capability of the CRAY
Y Mitarchitecture. Inthe ALE methad, the computational time cycle consists of thiee steps. Phase
Aas the explicit T aprangian phase. Inthes phase, the density, velocity, and specilic imernal enerpy
tields are updated by the etfects of all ehiernical and physical processes. These include combustion,
condensation, hear vanster, body torces, and anbulence etfects. Phase B is the implicn
Laptanpan phase A solution of the momentum ~quations in terms of both time advanced
velocies and pressures s obineed  The tteration seheme used (o solve this set of equations s the
precondiioned conpupate residual method that closely tollows the alporithim proposed by
Chandea® e tinal phase, Phase e zone phiase i which all the advective tus caleulations,
repaniiioming, ol the dependent viuables ono the mesh, aie exphaitly petfformed. The mesh may
move with the Haud oF apranpiam rensionn tesed (Fulermam), or move inany abitanly presenbyed
nuinner o the GASELOW code, the mesharenins fised



IV. APPLICATION TO ¥ULL-SCALE FIRE EXPERIMENTS

We have used GASFILOW to simulate the large oil-pool fire tests in the HDR containment.
For this simulation, important insight into verifying the general Navier-Stokes solution algorithm
and the submodels for condensation heat ransfter, turbulence, and chemical kinetics are gained.

The HDR experimental containment building is 60 m high and 20 m in diameter with a free
volume of 11300 m3 in about 70 interconnected passageways and compartments. Total interior
steel surface area is in excess of 30000 m2. The location of the oil-pool fires is between the 25-m
and 30.85-m levels (mcasured from ground level) of the containment. Fires of 20000, 3000, and
4000 kW were burned over 30- 10 35-min periods. We have calculated test T52.14, which is the
3000-kW experiment. By continuously weighing the oil pan, the rate of combustion of the
hydrocarbon fuel was determined. Roughly 120 kg of fuel were consumed during the 35-min
experinent.

Experimental measurements were extensive; continuous monitoring of (0, Oa, and 120
concentrations, velocities, and temperatures inside, entering, and exiting, the burn compartment as
well as throughout the containment itself were recorded during the entire experimental sequence. A
horizontal raster or grid consisting of a § x 5 lattice of measuring devices was located at three
scparate levels above the fire level. One at the 25.5-m level is near the fresh air inlet of the
mounting hatch compartment, which is connected to the combustion compartment by a door.
Another at the 31-m level is at the top of the mounting hatch compartment at the entrance into the
dome area. The raster at the 38-m level is inside the containment iome.  In addition, video
cameras were focused on key arcas of the containment. More details of the experiment and the data
acquisition systems is found in Ref. 7.

In general, the experimental results show that combustion occurs in the fire compartment,
forming a hot laycr consisting of combustion products, nitrogen, and excess oxygen (the burming
oceurs in an oxygen-rich environment).  There is an exception to this behavior early in the
experiment (3-12 min), when as a result of the feedback of combustion products into the burn
room, the combustion pracess is fuel rich and flashover occurs with the flame spreading into the
adjoining mounting hatch compartment,

Since the mass-buming rate is known, it is used as a mass and energy source for the fucl
species and energy conservition equations, respectively, of the numerical model. This iass and
cnergy luel source s distributed uniformly in the computational cells overlaying the physical
location of the oil pan. The computed gas temperatun: time histories from locations at the top of
the combustion room and near the top of the doorway between the combustion room and the
mounting hatch are in excellent agreement with the experimental values. This indicates that the
overall energy released i the combustion process is modeled adequately. Comparisons between
gas concentrations at the upper middle position in the burn reom door indicae good agreement.
‘The feedback and flashover trends are captured with some depree of accuracy; however, the exact
production of CO» s off by as muech as SO% during the flashover event (4 1.2 min) and roughly
10 15% during the more or less steady combustion process (12 35 mun). Concentration
measurements iare a very sensitive standard tor assessing the combustion model, and, in this case,
the sisnple one step chemical kineties nidel could be madificd.

The temperature measurements from the three prid locations were comipared with the
compuled temperatures at these locations, The raster at 25.5 m corresponds to the fresh airnlet o
the mounting hatch compariment. ‘These measurements show a strong temperature distribution in
this region, especially during the carly part (fisst 10 min) of the experiment. Because ol the lack of
spattial resolution, the caleulanon s not able 1o resolve this distribution, but predicts more of an
averiape durmp this carlly tme. At Lter times, the cialeakinon is on the igh edpe of the wemperature
distnbution envelope. However, conadenng the spatial resolution and the complexity of the
centunment flow paths, we comider this compitrison to be acceptable and in fair 1o poxod
apreement with the expenmental data.

For the raster an 31, where the tue plume entets the dome trom the mounting, hateh
compartment, the carly ume observed and computed empetatures show that the masimum
temperature of about 25 C occms wath tlashover as the tlame extends high into he mounting,



hatch compartment. At about 12 min, the combustion event occeurs largely within the bum room.
The observed temperature drops to about 160 C and gradually rises in time to 225 C just before the
end of combustion. The computed temperatures drop at 12 min, but not as much as those
observed. However, the computed temperatures are only slightly high from about 20 min to the
end of combustion.

The raster at the 38-m level measures the temperatures in the hot-gas plume. There is a
large observed wemperature gradient across this plume. The calculated time histories are in
excellent agreement to 9 min, reaching the maximum value at the correct time. An observed local
minimum occurs at 11-12 min and the temperatures recover to near their maximum values by the
end of the experiment. The computed temperatures, however, continue declining atiter the initial
peak values. This is attributed to the fact that the algebraic turbulence model used in this
calculation promotes far too much mixing and cold gases are entrained into the plume during this
period, thus spreading the temperature profile beyond the observed plume width. In addition, the
donor-cell advection scheme implemented for this simulation is known to be diffusive, and,
therefore, numerical diffusion contributes to this effect.

V. SUMMARY

Using the GASFLOW ficld equation model coupled with finite-rate global chemical
kinetics, we successfully analyzed hydrogen and hydrocarbon diffusion flames occurring in a
nuclear reactor containment under accident conditions. ‘These combustion modes are the casiest to
maodel and analyzc when compared with other modes of combustion, such as propagating (lames in
premixed fucl/oxidizer volumes.

Overall, with simplified chemical kinetics mechanisms and rather coarse spatial resolution,
the calculated results are in fairly good agreement with the observed data. When fluid dynamics
cffects dominate the analysis with hot plumes and complex convective circulation patterns, one can
often be successful calculating diffusion-type {lames with simple combusiion models that have
been calibrated to release the correet amount of heat due 1o the combustion process.
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